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CurvatureAntimicrobial peptides interact with cell membranes and their selectivity is contingent on the nature of the
constituent lipids. Eukaryotic and bacterial membranes are comprised of different proportions of a range of
lipid species with different physical properties. Hence, characterisation of antimicrobial peptides with respect
to the magnitude of their interactions with model membranes of different lipid types is needed. Maculatin 1.1
is a short antimicrobial peptide secreted from the skin of several Australian tree-frog species. Circular
dichroism spectroscopy (CD) was used to explore the interaction of maculatin 1.1 with a wide range of model
membrane systems of different head group and acyl chain characteristics. For neutral phosphatidylcholine
(PC), unlike anionic phospholipids, the magnitude of the peptide interactions was dependent on the length
and degree of saturation of the constituent acyl chains. Oriented circular dichroism (OCD) data indicated that
helical structure was likely promoted by peptide insertion into the hydrophobic core of PC bilayers. The
addition of cholesterol (30%mol/mol) tended to decrease the membrane interaction of maculatin 1.1. Anionic
lipids locked maculatin 1.1 via electrostatic interactions onto the surface of oriented bilayers as seen in OCD
spectra. Furthermore, increasing the membrane curvature by reducing the vesicle radii only slightly reduced
the proportion of helical structure in all systems by approximately 10%. The peptide–lipid interaction was
strongly dependent on both the lipid chain length and head group, which highlights the importance of the
lipid composition used to mimic different cell types. This article is part of a Special Issue entitled: Membrane
protein structure and function.cular dichroism; Chol, Choles-
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Until recently, membrane lipids were often perceived as simple
building blocks that compose cell membranes, andwere not considered
to play an important role in biological processes. Efforts in understand-
ing the lipid diversity encountered in natural membranes have shown
that the bewildering chemical composition of lipid membranes is
certainly a key factor in the regulation of cellular mechanisms [1,2]. An
example is the selective afﬁnity of antimicrobial peptides (AMP) for
speciﬁc bacterial membrane lipids [3]. However, the intrinsic complex-
ity of natural membranes renders difﬁcult to investigate in vivo the roleof individual lipids at molecular resolution. Therefore, in vitro studies
using model membranes are commonly used. While this methodology
has revealed the nature of lipid–AMP interaction [4], correlations of
in vitromeasurementswith in vivoobservationsareoftenunsatisfactory,
mainly due to the membrane composition used [5,6].
Bacterial membranes are composed primarily of three phospho-
lipids: phophatidylethanolamine (PE), phosphatidylglycerol (PG) and
cardiolipin (CL), in species-speciﬁc proportions; and, depending on
growth conditions, can have branched, cyclic, saturated or unsatu-
rated aliphatic chains [3,7]. The biophysical properties of these
membranes are, therefore, extremely complex, varied and poorly
understood. The phospholipids of eukaryotic membranes are mainly
phosphatidylcholine (PC), phosphatidylserine (PS), PE and CL (only
present in mitochondria) with a high degree of unsaturation and can
contain up to 30% (by mole) cholesterol [8,9]. Hence, it is crucial to
deﬁne and use relevant lipid systems in order to understand the
afﬁnity and activity of AMP toward bacterial membranes.
In this study, we have focused on the conformation of the AMP
maculatin 1.1 in a variety of lipid systems and highlight the
importance of lipid selection when modelling biological membranes.
Using circular dichroism (CD) spectroscopy as a rapid scanning
technique, we found that, in addition to electrostatic interactions, the
hydrophobic core of membranes may be critical for the formation of
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chain length and the magnitude of the interaction of maculatin 1.1
with phospholipid membranes. The addition of cholesterol to the
membrane systems appeared to have minimal effect on the peptide
afﬁnity or membrane interaction. Oriented circular dichroism (OCD)
spectra were also obtained to monitor the ability of the peptide to
insert into the hydrophobic core of planar membranes. Furthermore,
the effect of curvature on the ability of maculatin 1.1 to adopt a helical
structure was investigated by comparing large unilamellar vesicle
(LUV) and small unilamellar vesicle (SUV) lipid systems.
2. Materials and methods
2.1. Materials
Maculatin 1.1 (GLFGVLAKVAAHVVPAIAEHF-NH2; MW 2148) with
a N95% purity was purchased from Mimotopes Ltd. (Melbourne,
Australia) and from the Bio21 Institute peptide facility (Melbourne,
Australia). The peptide was washed in 5 mM HCl solution and
lyophilised over-night to remove residual triﬂuoroacetic acid as
described by Sani et al. [10]. All phospholipids were purchased from
Avanti Polar Lipids (Alabaster, USA), except DDPC, DLPC, egg PC and
cholesterol, which were obtained from Sigma (St Louis, USA), and
used without further puriﬁcation.
2.2. Sample preparation
Maculatin 1.1 was dissolved in Milli-Q water to afford a 1 mg/mL
stock solution. The stock solution was sonicated and vortexed before
each use. To prepare vesicles comprising a single lipid-type, lipids
were re-suspended in 10 mM Tris and 20 mM NaCl buffer solution
(pH 7.3) to produce 5 mM dispersions and subjected to three
freeze/thaw cycles. The homogeneous dispersions were then extruded
10 times through an Avanti Mini-Extruder (Alabaster, USA) using
0.1 μm polycarbonate ﬁlters to produce LUVs of 100 nm diameter.
Samples were extruded above the corresponding gel to ﬂuid phase
transition temperatures. For the preparation of LUV including 30% (by
mole) of cholesterol, lipids and cholesterol were co-dissolved in
chloroform/methanol (3:1 (v/v)) before removal of solvents by rotary
evaporation. Lipid ﬁlms were then hydrated with Milli-Q water and
lyophilised over-night. The resultant lipid powders were re-suspended
and extruded as described above. For the preparation of SUV (with the
exception of DSPC where multilamellar vesicles were used due to
difﬁcultywith dispersion), LUV suspensions were pulse sonicated using
a Branson soniﬁer (Danbury, USA) on ice for 10 min with a 40% dutyFig. 1. Schematic of the hydrophobic core of several PC lipids scaled to the length of maculati
is displayed to show the amphipathic character of maculatin 1.1.cycle to produce clear suspensions followed by centrifugation at
12,000 rpm to remove any titanium particles.2.3. CD measurements
2.3.1. Circular dichroism
Appropriate volumes of peptide and lipid vesicles were mixed to
produce 300 μL samples with lipid to peptide molar ratio 30:1. Samples
were allowed to equilibrate at the desired temperature prior to CD
measurement. Spectra of the peptide stock solution were acquired
before each lipid study and no signiﬁcant changes were observed.
Spectra were acquired on a Jasco J-815 spectropolarimeter (Jasco,
Easton, MD, USA) between 198 and 250 nm using a 1 mm path-length
quartz cell (Hainault, UK). Data below198 nmwas neglected because of
high levels of scattering by the buffer solution containing NaCl salt.
The experiments were run at 50 nm/min with 1 nm data intervals,
an 8 s integration time and a 1 nm slit-width. Three accumulations
were made to reduce noise. Signal was recorded as milli-degrees.2.3.2. Oriented circular dichroism
Oriented samples were prepared on a 0.5 mm quartz cell from
Starna (Hainault, UK) previously washed with nitric acid and
thoroughly rinsed with deionized water. Samples were prepared as
previously described for the CDmeasurements before being deposited
onto the quartz glass cell and dried overnight in an oven at 30%
relative humidity. Samples were subsequently placed in a hydration
chamber with saturated KCl solution for approximately 2 days. Lipid-
only samples were prepared using the same procedure. Oriented
circular dichroism (OCD) spectra were acquired on a Jasco J-815
spectropolarimeter (Jasco, Easton, USA). Spectra were recorded from
190 to 250 nm using a 2 nm bandwidth and three accumulations. Four
different angles were used to correct any spectral artefacts due to
linear dichroism and birefringence that could be caused by imperfec-
tions in the sample or strain in the quartz glass plate.2.3.3. CD spectral deconvolution
Spectra were zeroed at 250 nm and normalised to give units of
mean-residue ellipticity (MRE) according to [θ]MRE=θ/(c×l×Nr),
where θ is the recorded ellipticity in millidegrees, c is the peptide
concentration in dmol.L−1, l is the cell path-length in cm and Nr is the
number of residueper peptide. The secondary structurewas calculated
from processed CD spectra using the CDPro Software Packagewith the
ContinLL algorithm and the SMP56 basis-set [11–13].n 1.1 obtained from the NMR structure in TFE/H2O solution [14]. The Edmundson wheel
Table 1
Maculatin 1.1a secondary structure analysesb in LUV environment.
System (Tm °C) [18,19] T (°C)
below Tm
% α
Helix
T (°C)
above Tm
% α
Helix
Insertionc
Buffer 20 7 37 4 –
TFE 20 50 37 59 –
Micelle systems
SDS (C12:0) 20 60 37 63 –
LPG (C16:0) 20 63 37 61 –
DPC (C12:0) 20 32 37 32 –
Saturated neutral systems
LUV DHPC – – 37 7 no
LUV DDPC – – 37 59 yes
LUV DLPC (−1) – – 37 68 –
LUV DMPC (23) 10 78 37 73 yes
LUV DPPC (41) 20 14 60 64 –
Oriented DSPC† (55) no
Unsaturated neutral systems –
LUV POPC (−2) – – 37 66 yes
LUV DOPC (−20) – – 37 60 –
LUV egg PC (~ −5) – – 37 52
Cholesterol containing systemsd
LUV DMPC/Chol 10 29 37 61 yes
LUV DPPC/Chol 20 6 60 58 –
LUV POPC/Chol – – 37 70 yes
Saturated anionic systems
LUV DMPA (50) 37 60 60 64 –
LUV DMPS (35) 20 70 45 73 –
LUV DPPS (54) 37 67 60 70 –
LUV DMPG (23) 10 77 37 63 very weak
LUV TMCL (42) 20 72 60 66 –
Unsaturated anionic systems
LUV POPS (14) 10 79 37 65 –
LUV POPG (−2) – – 37 75 no
LUV E. coli PG – – 37 69 no
LUV E. coli CL – – 37 67 –
a The peptide concentration was 30 μM. Buffer composition: 30 μM in Tris
10 mM/NaCl 20 mM buffer pH=7.3. The lipid to peptide molar ratio was 30:1 for all
systems.
b Deconvoluted with ContinLL algorithm and SDP 48 basis-set (CDPro software).
c Determined by OCD where 4 angles were averaged (see Section 2.3.2 and Fig. 4).
d 30% molar ratio of cholesterol to lipid. CD spectra were acquired above and below
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3.1. Maculatin 1.1 conformation in buffer and micelles
Balla et al. have previously shown that maculatin 1.1 is un-
structured in solution and adopts an α-helical conformation in
triﬂuorethanol (TFE) or upon interaction with DPC micelles [14].
The helical wheel representing the conformation of maculatin 1.1
(Fig. 1) displays the amphipathic character known to promote the
antimicrobial properties against bacteria [3–7]. The α-helix propor-
tion could, therefore, be used as a measure of the peptide afﬁnity
for speciﬁc lipid environments. As expected, the CD spectrum of
maculatin 1.1 in buffer alone was dominated by a minimum at
~200 nm, characteristic of the random coil conformation; while in
TFE, two minima at 222 nm and 209 nm and a maximum (truncated)
at 200 nm, were observed as is usual for α-helical structures (Fig. 2).
No signiﬁcant difference was observed between measurements done
at 20 °C and 37 °C. The secondary structure analysis obtained by
deconvolution gave 7% and 59%α-helix in water and TFE, respectively
(Table 1). Note that deconvolution values are not absolute values of
monomeric population with a pure secondary structure but an
average of intra- and inter-molecular conformations. Furthermore,
values are considered to have an estimated error of ±5%.
Strong interactions were observed with anionic SDS and LPG
micelles at a lipid to peptide molar ratio of 30:1, almost promoting an
identical amount of helical structure, at ~ 60%, whereas neutral DPC
micelles reduced the α-helix content to 32%.
3.2. Maculatin 1.1 interaction with phosphatidylcholine vesicles
Phosphatidylcholine lipids bear an overall neutral charge (zwit-
terionic headgroup) and are often used to assess the hydrophobic
interaction between peptides and membranes, as the electrostatic
interactions with the surface are considerably reduced. Acyl chain
length and degree of unsaturation were varied in order to investigate
the ability of maculatin 1.1 to penetrate into the core of membranes
depending on their hydrophobic thickness and ﬂuidity. Except for
DSPC, where SUV were used, all data presented in Table 1 were
obtained with LUV of 100 nm diameter. Also, gel and ﬂuid phases
were investigated by acquiring the CD spectra below and above the
main phase transition temperatures, when applicable.200 210 220 230 240 250
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Fig. 2. CD spectra of maculatin 1.1 in: buffer only (no symbols); TFE solvent (triangles);
SDS micelles (squares); LPG micelles (circles); and DPC micelles (stars). Spectra are an
average of 3 accumulations recorded at 37 °C.
the Tm of the lipid in the absence of cholesterol.
† DSPC would not disperse homogeneously in buffer and could not be extruded to
form LUV so oriented bilayers were formed from SUV.Except with extruded LUV of DHPC, where maculatin 1.1 exhibited
a similar lineshape to that encountered in buffer, typical α-helical
spectra were obtained with all PC systems with intensity variations as
seen in Fig. 3. The short chain DHPC (C6:0) showed little interaction
with maculatin 1.1 at 37 °C (7% helix) but an increase was observed
from DDPC (C10:0) to DMPC (C14:0), reaching 73% helical confor-
mation. DPPC (C16:0) LUV produced a slight decrease in α-helix to
64% (Table 1).
Interestingly, in the gel phase, where the lipid acyl chains are in an
extended conﬁguration, the amount of helical structure increased
slightly in DMPC (at 10 °C) to 78% while dropping dramatically to 14%
in DPPC (at 20 °C).
In order to control the ﬂuidity of membranes, which is critical in
many biological processes such as cell division or biomolecular
diffusion, living organisms balance the amount of saturated and
unsaturated lipids according to external conditions such as temper-
ature—homeoviscous adaptation [15,16]. The interaction between
maculatin 1.1 and unsaturated PC lipids was investigated with POPC
(C16:0, 18:1), DOPC (di C18:1) and egg PC (which is a mixture of PC
lipids extracted from chicken egg yolk with a predominance of POPC).
Maculatin 1.1 adopted a largely helical conformation in unsaturated
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Fig. 3. CD spectra of maculatin 1.1 in LUV composed of: (A) DHPC (open squares); DMPC T=37 °C (open circles); DMPC T=10 °C (ﬁlled circles); DPPC T=60 °C (open triangles);
DPPC T=20 °C (ﬁlled triangles); DSPC (stars); and (B) buffer only (no symbols); DOPC (squares); POPC (circles); egg PC (triangles). Spectra are an average of 3 accumulations.
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Fig. 4. CD spectra of maculatin 1.1 in buffer only (no symbol) and LUV composed of:
DMPC/Chol T=37 °C (open squares); DMPC/Chol T=10 °C (ﬁlled squares); DPPC
T=60 °C (open circles); DPPC T=20 °C (ﬁlled circles); and POPC/Chol (open triangle).
Spectra are an average of 3 accumulations.
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lineshapes (Fig. 3, panel B). The heterogeneous acyl chain mixture of
egg PC reduced by ~10% the α-helical content compared to POPC or
DOPC (Table 1).
3.3. Effect of cholesterol
Phosphatidylcholines are the major lipids in eukaryotic cells, thus
many in vitro studies are conducted with PC only. The presence of
cholesterol, absent in prokaryotic cells, is known to stabilise
membranes and is involved in ordered domains or ‘rafts’, where
proteins are regulated [17,18]. The effect of a 30% molar ratio of
cholesterol to phospholipid was investigated in DMPC, DPPC and
POPC bilayers at different temperatures. Although cholesterol is
known to abrogate the phase transition temperature, systems
containing cholesterol were measured above and below the Tm of
the lipid in the absence of cholesterol where applicable (Fig. 4).
POPC/Chol at 37 °C and DPPC/Chol at 20 °C and 60 °C promoted no
signiﬁcant difference compared to cholesterol-free samples and gave
similar helical proportions for the peptide. In contrast, the addition
of cholesterol to DMPC bilayers led to a reduced interaction with
maculatin 1.1. Indeed, the peptideα-helical content was decreased by
~15% at 37 °C and dropped considerably at 10 °C to 29%.
3.4. Maculatin 1.1 interaction with anionic lipids
The effect of a negatively charged membrane surface was
investigated using different anionic phospholipids to probe if the
type of headgroup was also a critical parameter inﬂuencing the
maculatin 1.1 secondary structure. Differences between these lipids
are: phosphatidic acid (PA) has a charged phosphate group,
phosphatidylglycerol (PG) has two hydroxyl groups, phosphatidyl-
serine (PS) has an amine and one carboxylic group, and ﬁnally
cardiolipin (CL) has two phosphate groups and a hydroxyl group.
Therefore, not only the charge but also the bulk steric effect, the
hydrogen bonding capacity and the effect of acyl chain length and
unsaturation can be investigated.The CD spectra obtained for maculatin 1.1 interacting with anionic
phospholipids were all typical of an α-helical lineshape, with some
intensity variations between lipid species and temperatures (Fig. 5).
The saturated lipids, DMPS and DPPS, induced a similar amount of
α-helix in the gel and ﬂuid phases, around 70% (Table 1), while
DMPG and TMCL bilayers promoted a slightly higher helical
proportion in the gel phase at ~75% than in the ﬂuid phase at ~65%.
CD spectra of maculatin 1.1 interacting with unsaturated anionic
lipids displayed the most intense helical lineshapes (Fig. 5). LUV of
POPG and POPS at 37 °C promoted 75% and 65%, respectively. Similar
conformations (~67%α-helix)were obtained in E. coli PG and E. coli CL
systems, which have heterogeneous acyl chains. POPS has a gel to
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Fig. 5. CD spectra of maculatin 1.1 in LUV composed of: (A) DMPA (squares); DMPS (circles); DPPS (triangles); DMPG (hexagons); TMCL (stars); and (B) POPS (squares); POPG
(circles); E. coli PG (triangles); E. coli CL (stars); buffer only (no symbol). Spectra are an average of 3 accumulations.
Table 2
Maculatin 1.1a secondary structure analysesb in SUV environment.
System (Tm °C) [18,19] T (°C)
below Tm
% α
Helix
T (°C)
above Tm
% α
Helix
Buffer 20 7 37 4
Saturated neutral systems
SUV DHPC – – 37 4
SUV DDPC – – 37 52
SUV DLPC (−1) – – 37 65
SUV DMPC (23) 10 66 37 64
SUV DPPC (41) 20 28 60 61
SUV DSPC (55) 37 23 60 37
Unsaturated neutral systems
SUV POPC (−2) – – 37 56
SUV DOPC (−20) – – 37 52
SUV egg PC (~ −5) – – 37 52
Cholesterol containing systemsc
SUV DMPC/Chol 10 – 37 –
SUV DPPC/Chol 20 9 60 36
SUV POPC/Chol – – 37 58
Saturated anionic systems
SUV DMPA (50) 37 63 60 58
SUV DMPS (35) 20 62 45 69
SUV DPPS (54) 37 59 60 64
SUV DMPG (23) 10 65 37 63
SUV TMCL (42) 20 62 60 65
Unsaturated anionic systems
SUV POPS (14) 10 71 37 71
SUV POPG (−2) – – 37 66
SUV E. coli PG – – 37 64
SUV E. coli CL – – 37 62
a The peptide concentration was 30 μM. Buffer composition: 30 μM in Tris
10 mM/NaCl 20 mM buffer pH=7.3. The lipid to peptide molar ratio was 30:1 for all
systems.
b Deconvoluted with ContinLL algorithm and SDP 48 basis-set (CDPro software).
c 30% molar ratio of cholesterol to lipid. Systems containing cholesterol were
measured above and below the Tm of the lipid in the absence of cholesterol, where
applicable.
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proportion of α-helix for maculatin 1.1 was obtained at 10 °C.
3.5. Effect of membrane curvature on maculatin 1.1 conformation
Membrane curvature is a factor known to inﬂuence peptide and
protein structures [21]. To examine the effect of curvature onmaculatin
1.1 conformation, CD experiments were performed with SUV systems.
SUV have an average diameter of 15–30 nm, which increases the angle
between the membrane surface and the helical structure; in other
words thepeptidemust bend if contactwith the surface is indispensible.
The CD spectra of all SUV systems (not shown) were very similar to
those observedwith LUV. The secondary structure analyses obtained by
deconvolution gave about 10% less helical structure (Table 2) for
maculatin in SUV compared to LUV. Interestingly, Maculatin 1.1 did not
interact strongly with DSPC SUV, promoting 37% of helical structure in
the ﬂuid phase (60C) and only 23% in the gel phase (37C).
3.6. Maculatin 1.1 insertion in oriented lipid membranes
Parallel and perpendicular peptide orientations relative to the
membrane normal can be distinguished using oriented CD [22–24].
When transmembrane helical peptides are interacting with lipids
forming planar bilayers on a glass plate, the OCD lineshape displays
only the 222 nm minimum and the 190 nm maximum, the 208 nm
band being suppressed in the interaction between the polarised beam
and the oriented peptides. As described in Methods 2.3.2, to correct
for birefringence and linear dichroism artefacts, the sample was
rotated in the beam. The same buffer, lipid to peptide ratio and
peptide concentration as for the fully hydrated samples were used.
Experiments were performed at 37 °C.
Maculatin 1.1 did not orient in a short chain DHPC lipid (not
shown) nor in a long chain DSPC (Fig. 6B), which correlated with the
low amount of helical structure. However, the 208 nm band was
severely reduced in the DDPC, DMPC and unsaturated POPC samples
(Fig. 6A–C). Cholesterol did not prevent insertion of maculatin 1.1 in
DMPC nor in POPC membranes. However, negatively charged
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POPC/Chol (circles); and (D) E. coli PG (squares), DMPG (circles). Experiments done at 37 °C. For OCD, 4 glass plate orientations and 3 accumulations were averaged.
10 12 14 16 18 20 22 24 26 28 30
10
20
30
40
50
60
70
80
90
100
Hydrophobic Thickness (A)
%
 H
el
ica
l S
tru
ct
ur
e
Fig. 7.Helical structure (%) ofmaculatin 1.1 in unsaturated PC systems of different chain
lengths plotted against corresponding ﬂuid-phase bilayer hydrophobic thicknesses.
Helical structure generated by deconvolution of CD spectra using SMP56 basis-set and
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observed in the CD spectra of DMPG and E. coli PG samples (Fig. 6D).
4. Discussion
The behaviour of maculatin 1.1, a natural antimicrobial peptide
disrupting speciﬁcally bacterial membranes, was used to demonstrate
that the lipid composition used for in vitro studies must be chosen
with care [25–27]. We report here only membranes composed of
single phospholipids to serve as a basis for future studies of complex
lipid mixtures.
4.1. Maculatin 1.1 conformation and insertion in zwitterionic membranes
Phosphatidylcholines are the major lipids found in eukaryotic cell
membranes. Therefore, model membranes composed of DMPC have
beenused tomimic eukaryoticmembranesdue to their inexpensive cost
and well-characterised properties. However, in vivo data often differ
from in vitro data using this simple model. For instance, maculatin 1.1 is
weakly active against eukaryotic cells but is strongly bactericidal,
especially against Gram-positive bacteria which possess high amounts
of anionic lipids. InDMPCLUV,maculatin adopted its active amphipathic
helix conformation and in planar DMPC bilayers, was observed to insert
parallel to the membrane's normal. The addition of cholesterol, only
present in eukaryotic cells, did not modify the peptide interaction with
DMPC bilayers. However, in bilayers of longer saturated acyl chain
phospholipids, maculatin was mainly unstructured with cholesterol
further lowering the α-helical content.
Maculatin 1.1 formed an amphipathic helix upon insertion into the
hydrophobic core of neutral membranes of a favourable thickness. This is
supported by the low amount of helix obtained in DPC micelles, which
have the same headgroup but more highly curved surface and anapproximately 32 Å hydrophobic thickness. Since SUV produced a similar
interaction to LUVbutwith a ~10%decrease in helical structure, curvature
is not a major parameter regulating maculatin 1.1 secondary structure.
The helical structure of maculatin 1.1 for PC systems of increasing acyl
chain length is plotted against the corresponding hydrophobic thickness
[28,29] in Fig. 7. Apparently, there is an optimal hydrophobic thickness
range occurring between 20 Å and 26 Å. Comparing the optimal
hydrophobic thickness to the length of an α-helix composed of ~15
amino acids (73% of 21 residues), a goodmatch can be observed between
the peptide (22.5 Å) and the membrane thickness.
Biological membranes are composed of mixed acyl chains usually
between 16 and 22 carbons, with a saturated/unsaturated lipid ratio
close to 0.5 [30]. While maculatin 1.1 conformation with POPC, DOPC
211M.-A. Sani et al. / Biochimica et Biophysica Acta 1818 (2012) 205–211and egg PC bilayers showed a gradual decrease in α-helix, the peptide
maintained a high degree of α-helical structure near 60%. The
hydrophobic thicknesses of these unsaturated membranes vary
slightly around 26 Å and may explain the ability of maculatin 1.1 to
insert into the hydrophobic core of unsaturated membranes as well.
Taking into account the small effect of cholesterol on the peptide
structure and location, it seems that ordered membrane cores were
not amore favourable environment for the peptide. Hence, mimicking
eukaryotic membranes with PC bilayers may not be relevant to assess
the toxicity of antimicrobial peptides [6].
4.2. Maculatin 1.1 surface interaction with anionic membranes
Prokaryotic membranes, and especially Gram-positive bacteria,
possess a high amount of anionic lipids, conferring a negatively charged
surface potential differentiating them from eukaryotic neutral mem-
branes. All anionic phospholipids bilayers with saturated, unsaturated
or mixed chains induced a strong structuring effect on maculatin 1.1:
rigid or ﬂuid chains, bilayer or micelle, small or bulky headgroups with
hydrogen bonding capacity did not signiﬁcantly change the amount of
α-helix. The peptide was found on the surface of DMPG and POPG
bilayers, with no evidence of insertion into the hydrophobic core. The
hydrophobic thickness did not play a critical role in the peptide
interaction with anionic lipids, and the electrostatic forces would
maintain maculatin 1.1 on the membrane surface. In general, the
peptide was slightly more structured than with PC lipids and possibly
the higher afﬁnity of maculatin 1.1 for negatively charged bacterial
membranes thaneukaryotic cellsmay explain the antimicrobial activity.
5. Conclusions
In order to understand the key properties allowing antimicrobail
peptides to discern between eukaryotic and prokaryotic cells, better
models of cell membranes are needed. The antimicrobial peptide,
maculatin 1.1, is effective against Gram-positive bacteria and
exhibited a strong interaction with anionic bilayers. While hydro-
phobic mismatch was crucial in neutral bilayer systems, insertion into
charged bilayers was not observed. Although single lipid systems are
not sufﬁcient to mimic biological membranes the peptide conforma-
tion was dependent on the homeoviscous nature of the membrane.
Bilayers composed of binary and ternary lipid mixtures are under
investigation to better mimic relevant cell membranes.
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